Two orphan flavonoids containing an oxepin structure in ring A and named as Primcortusin (1) and 3'-OH-Primcortusin (2) were isolated from leaf exudates of Primula cortusoides, while P. glutinosa exudates yielded two dihydrochalcone derivatives (3, 4). These novel structures have not been detected in other species of Primula so far. Chemical structures were elucidated by 2D NMR and mass spectrometry. The nature of compounds 1 and 2 is discussed, and ideas about their possible origin and that of unsubstituted flavone and other irregular substituted Primula flavones are presented.
As part of our ongoing studies on exudate flavonoids of Primula spp. [1a,1b] , we examined P. cortusoides L., and P. glutinosa Wulfen. Both species lack farina, a mealy exudate on aerial surfaces of leaves, stems, calyces and flowers [2a] . Traditional systematic treatments included presence and absence of farina as one of the few conspicuous characters for the genus Primula [2b]. For a comparative study of the glandular structure and flavonoid chemistry of both farina and oil producing species see [2c] . Exudates of Primula spp. not only consist of unsubstituted flavone, as was believed in the early years [2d, 3] , but also of other flavones with unusual substitution patterns such as 2'-OH-flavone, 3',4'-diOHflavone, and 8,2'-diOH-flavone, which are most probably derived from a so far unidentified biosynthetic pathway [1a,1b,4a-4c] .
Primula cortusoides belongs to Sect. Cortusoides of the subg. Auganthus [2a] . The exudates produced by the glandular trichomes of P. cortusoides were described to cause allergic reactions to human skin [5] . Later work on this species [2c] revealed the presence of unsubstituted flavone, which is the major component present in almost all of the Primula species studied to date and is not known to produce any kind of allergy [1a,1b] . Primula glutinosa belongs to Sect. Auricula, which forms the biggest section of Subg. Auriculastrum [2a] . To the best of our knowledge, this species has not yet been analyzed for its exudate flavonoids. In the present work isolation of four new compounds (1-4) will be discussed in detail.
Compounds 1 and 2, named as Primcortusin and 3'-OH-Primcortusin, were isolated from the leaf exudates of P. cortusoides in addition to flavone, 2',5'-diOMe-flavone and traces of 5-OH-flavone, the last ones being typical flavonoids of Primula at large. To exclude influences of climatic conditions and ontogenetic differences, accessions of P. cortusoides from different localities as well as one herbarium specimen (WU545) were analyzed. Since compounds 1 and 2 were detected in all the samples, the possibility of these compounds being artifacts could be excluded. Similarly, compounds 3 and 4 were consistently detected in P. glutinosa, collected from two different localities, including a herbarium specimen (WU003949), in addition to 5-OH-flavone and traces of 2',2-diOH-chalcone. Herbarium samples are known to be stable regarding exudates [1b,6a], for which P. cortusoides and P. glutinosa afford further examples. The antifungal property of compounds 1-4 was checked, against the fungus Cladosporium sphaerospermum, with positive results. An attached proton test (APT) 13 C NMR spectrum and a 1 H NMR spectrum indicated compound 1 to consist of ten methine groups and five quaternary carbon atoms. Its protonated molecular ion [ The same uncommon annulated ring system can also be found in compound 2. It showed very similar chemical proton and carbon shifts for the bicyclic system (Tables 1 and 2 2D NMR spectra revealed the presence of two 1,2-disubstituted benzene rings. Both of them carried one hydroxyl group and were connected to a linear C 3 alkyl linker. One of its carbon atoms directly bound to a phenyl ring was oxidized to a carbonyl group, while the other two were methylene groups. The indicative 3 J H-C couplings are presented in Figure 1 and chemical shifts are listed in Tables 1 and 2. Compound 4 showed the same carbon skeleton and substitution pattern on the phenyl rings as compound 3. However, apart from the carbonyl group, the linker carried a hydroxyl function on position 3, which was identified by indicative 1 H and 13 C NMR chemical shifts shown in Tables 1 and 2 [7] . Due to the close structural similarity of this compound and compound 4, it can be derived that 4 has an absolute (S) configuration. An enantiomeric excess of 4 has not been ascertained due to lack of reference data.
Structures of 1 and 2 are completely new in the world of exudate compounds. They differ entirely from flavones and chalcones by bearing an additionally annulated dihydrooxepin ring and, hence, should derive from another biosynthesis [8] . The question arises as to why and how these unusual compounds with an oxepin structure are produced. To the best of our knowledge, it is for the first time that such a compound could be isolated from a natural source. Concerning the possible function of both the Primula-type flavonoids and the oxepin type compounds, their antifungal properties detected now in vitro are well in line with earlier observations in Dionysia, a closely related genus [9a,b] . According to previous works, exudates accumulating on leaf surfaces could probably act as defensive agents against pathogenic fungi [6a,10] .
So far, no distinct biosynthetic pathway is known to explain the generation of the orphan type flavonoids 1 and 2 in planta. Such a rare annulated oxepin ring has not yet been described in structures that are similar to flavanones or flavones. However, a comparable structural feature has been reported in oxepino[2,3-b]benzofuranes, structurally related to dibenzofuranes and in ring enlarged xanthones [11a-13] . The NMR chemical shifts and coupling constants of these compounds are not directly comparable due to entirely different substitution patterns. The biogenesis of the latter is assumed to be initiated by an epoxidation of the aromatic moiety [11b]. Similar monoxygenase catalyzed oxidations have been Orphan flavonoids and dihydrochalcones from Primula exudates Natural Product Communications Vol. 8 (8) 2013 1083 studied in some detail [14] . The chemical generation of oxepino[2,3-b]benzofuranes, however, starts from 2,2'-biphenylquinones, which derived from irradiation of dibenzo[1,4]dioxins [12] . Assuming a similar mechanism in the formation of the oxepin ring in the investigated compounds 1 and 2 leads in a retrosynthetic view to compounds with 3-hydroxy-1-(2-hydroxyphenyl)-3-phenyl-1-propanone skeletons (dihydrochalcones) as possible starting materials (Figure 2 ). Dihydrochalcones are now described from exudates of P. glutinosa, and have recently been found as surface compounds of D. diapensifolia [9b]. Hence, these quite unstable compounds are likely also to occur on leaf surfaces of other Primula species. [12] . After reduction and enolization of the aliphatic hydroxyl group resulting in structure II a deprotonation of the phenolic proton and tautomerization lead to enolate III. A subsequent attack on the carbonyl group forms the pyran-4-one ring and a deprotonated hemiketal on a quaternary carbon atom in structure IV. An oxygen attack on the neighbored double bond, tautomerization and formation of a hydride results in 7-oxabicyclo[4.1.0]hepta-2,4-diene moiety [VI]. This system may alternatively be formed via (b) by a monoxygenase catalyzed reaction of flavonoid type compound V [14] . Compound VI spontaneously rearranges to the annulated oxepin ring of the final product VII. Substituents X and Y on the aromatic moieties represent hydroxyl and methoxy groups. The reduction and the hydride transfer in natural aqueous conditions in reaction sequence (a) also make an enzymatic catalysis of this reaction quite likely.
The twofold oxidation including hydride transfer within the mechanism, however, makes an enzyme catalyzed reaction quite probable. In Primula, nothing of that kind has been reported yet. It cannot be excluded that the reaction is probably catalyzed by yet unidentified symbiotic microorganisms (endophytes) located either in the glandular hairs or on the leaf surface, without causing obvious symptoms. This hypothesis agrees with the fact that the above mentioned other oxepin bearing natural products were generated, for example, from fungi [11a,b,13] . Although anaerobic microorganisms, endophytic fungi and bacteria, and even viruses are known to transform the structure of flavonoids [15a-17] no compounds resembling 1 and 2 structurally have been reported yet as resulting from such a process. As for Primula, a possible endophyte should be transmitted vertically and not be the result of infection, as compounds 1 and 2 were found on leaves of different accessions of P. cortusoides. For our analysis, only symptomless leaves were used, but this does not exclude the presence of endophytes. So far, only bacterial endophytes have been reported for Primula species [18a] , but their chemistry is not known.
Concerning the substitution pattern, hydroxylation of compound 2 would be expected to be at the 4'-position of ring B, when classical flavonoid biosynthesis is considered. The structurally similar 3'-OH flavone is known only as a synthetic compound [18b], and also the respective flavanone as a possible precursor has not yet been isolated from natural sources. While 3'-hydroxyl substitution is found only in combination with further substitutions of ring B in Primula exudates, a few Primula species produce 3'-OMe flavone [1a] . Thus, structural differentiation of exudate flavonoids in analyzed Primula species does not provide a clue to biosynthetic relationships, leaving the pathway toward generation of orphan flavonoids speculative.
Even the biosynthesis of unsubstituted flavone as the major compound in Primula exudates is still speculative, despite the fact that flavonoid biosynthesis is one of the most well studied pathways [1a,18c] . Although the key enzyme phenylalanine ammonia-lyase (PAL) has earlier been detected in glandular hairs of P. kewensis [19a] , this is not full proof that flavonoid biosynthesis takes place in the glands in the classical way. In Primula-type flavonoid biosynthesis, the starter molecule would have to differ from that of the regular pathway leading to 5,7-dihydroxylated flavonoids. However, benzoyl-Co-A is a product of PAL-activity [19b] , and it could be a possible candidate. Structurally, such a precursor might explain the lack of hydroxyls in the final flavonoid product. This enzyme is also involved in salicylate biosynthesis [19c] , and salicylates and other phenolics have been found in the essential oil of Primula spp. e.g. in [19d] or of D. diapensifolia [19e] . Methyl salicylate was used as the starting molecule for the chemosynthesis of unsubstituted flavone and its B-ring hydroxylated derivatives via 1-(2-hydroxyphenyl)-3-phenylpropane-1,3-diones [18b], a compound resembling 4 from P. glutinosa. However, no biosynthetic enzymes are known for a corresponding conversion in nature. Similarly, biosynthetic correlations with the Primulaallergen primin (2-methoxy-6-n-pentyl-1,4-benzoquinone) are unknown and difficult to assess from comparison of structures. The latter compound was not detected in P. cortusoides accessions, and plants were also not found to be contact allergenic (Kovtonyuk, pers. comm.), contrary to an earlier statement [5] .
Biosynthetic enzymes from the type III PKS group catalyzing formation of polyketides (e.g. flavonoids) are primarily known from plants, but they are increasingly reported also from bacteria and fungi [18c,20] . The possible presence of endophytic bacteria or fungi could account for the puzzling flavonoid complement of Primula exudates by involvement in biosynthetic pathways, as has been discussed in [21] . Future tests by either isolation or by use of specific molecular markers have to be developed to foster the hypothesis of eventual involvement of endophytes in the biosynthesis of both Primula flavonoids and the newly described exudate compounds.
Experimental

Plant material: Primula cortusoides was cultivated in the Botanical
Garden of the University of Vienna (HBV) from seeds obtained from the Bayreuth Botanical Garden, Germany. Additionally, dried leaves of P. cortusoides were obtained from plants growing in the Central Siberian Botanical Garden (origin: Altai region). Primula glutinosa was collected in Spittal an der Drau, Carinthia, Austria at 2050 m and at 2090 m. Voucher specimens were deposited at the Herbarium WU, University of Vienna, Austria and Herbarium NSK, Central Siberian Botanical Garden, Novosibirsk, Russia.
General: 1D and 2D NMR, Bruker DRX-600 or Bruker DRX-400; MS, high resolution time-of-flight (HR-TOF) mass spectrometer (Bruker Daltonics); HPLC, Agilent 1100 Series equipped with a UV Diode Array Detector using a Hypersil BDS-C18 column (250 x 4.6 mm, 5 μm, flow rate 0.5 mL/min) with mobile gradient MeOH 55-100% in aq. buffer (15 mM H 3 PO 4 , 1.5 mM Bu 4 NOH). The injection volume was 5 µL and the detection range was 210-300 nm.
Extraction and isolation:
Air dried leaves (P. cortusoides: 16 g, P. glutinosa: 5 g) were briefly rinsed with acetone in order to dissolve the lipophilic exudate material, filtered and evaporated under reduced pressure at 35°C. The obtained residue was dissolved in MeOH and the compounds were isolated by means of preparative MPLC (300×20 mm column, Merck LiChroprep silica gel 60, 25-40 µm) and prep. TLC (Merck silica gel 60, 0.5 mm). In both cases 70 mg of the exudate mixture was subjected to MPLC with increasing amount of EtOAc in light petroleum (PE) as mobile phase. Compounds 1 (6 mg) and 2 (1 mg) were eluted as pure substances with 10% EtOAc in PE. Compound 3 and 4 were present as a mixture in the fraction obtained with 10% EtOAc. Therefore a prep. TLC (toluene: dioxane: acetic acid/75:25:5) was performed to afford 10 mg of pure 3 and 7 mg of pure 4. The identification of the known compounds was achieved co-chromatographically by comparative UV-HPLC and TLC (Merck silica gel 60, 0.2 mm; toluene: dioxane: acetic acid/75:25:5) using authentic markers obtained from E. Wollenweber. TLC chromatograms were viewed under UV light, before and after spraying with Naturstoffreagenz A (0.5% of diphenylboric acid 2-aminoethyl ester in MeOH).
Antifungal test: TLC plates were developed with PE: acetone (50:50) and dried for complete removal of solvents. The chromatograms were subsequently sprayed with a spore suspension of Cladosporium sphaerospermum.
